




Chinese Journal of Aeronautics 22(2009) 237-242 www.elsevier.com/locate/cja
Transitional Flow and Heat Transfer Characteristics in a Rectangular 
Duct with Stagger-arrayed Short Pin Fins 
Rao Yu*, Wan Chaoyi, Zang Shusheng 
Institute of Turbomachinery, School of Mechanical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China 
Received 31 December 2008; accepted 8 April 2009 
Abstract 
This article describes an experimental study on friction and heat transfer performances of a transitional airflow in a rectangular 
channel with stagger-arrayed short pin fins. Friction factors, average Nusselt numbers and overall thermal performances of the 
transitional flow are obtained. The experimental study has showed that the pin fins enhance the heat transfer performance sig-
nificantly, however increasing the flow frictional resistance considerably. After comparing the experimental results with the pub-
lished data in references, it can be concluded that, in the transitional flow region, the pin fin channels of the proposed geometri-
cal configuration could lead to a significant improvement of an overall thermal performance; for instance, the convective heat 
transfer performance is increased by at least 68%. By contrast, in the fully turbulent flow region, the ability of the proposed pin 
fin channels to increase heat transfer performances decreases as the Reynolds number increases. When Re > 6 000, the overall 
thermal performance becomes lower than the others. 
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1. Introduction* 
Short pin fins with height-to-diameter ratio H/D = 
0.5-4.0 have come in wide use in cooling gas turbine 
blades for a long time, particularly, in the trailing 
edges, where exist narrow cooling channels[1-3]. In 
addition, pin fins have found broad applications in 
electronics cooling. In this area, the airflow in pin fin 
channels is mainly laminar or transitional. With the 
progressing miniaturization of electronic equipment, 
the cooling technology using mini- or micro-scale 
short pin fin channels is now under active develop-
ment[4-8]. 
Due to the significant influences of the endwall on 
the flow, channels with short pin fins are radically dif-
ferent from their counterparts with long pin fins in the 
flow and heat transfer characteristics. Early in their 
research work, D. E. Metzger, et al.[9-10] and van G. J. 
Fossen[11] studied the airflow resistance and heat 
transfer performances of the channel with circular 
short pin fins. They indicated that the heat transfer and 
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flow resistance of pin fin channels are strongly de-
pendent on the height of pin fins, the streamwise and 
spanwise spacings as well as the configuration of the 
pin fin arrays, etc. Channels with short pin fins have 
heat transfer performances lower than those with long 
pin fins and, moreover, staggered pin fin arrays out-
perform the in-line ones in convective heat transfer. M. 
K. Chyu, et al.[12] experimentally measured the mass 
transfer coefficients of pin fin surface and endwall 
surface. His work showed that the convective heat 
transfer coefficients of pin fin channels are 2-4 times 
greater than those of parallel plate channels. 
In recent years, C. Marques, et al.[5], and E. Galvis, 
et al.[6] carried out experimental and numerical studies 
separately on heat transfer performances of turbulent 
flow in a micro-scale pin fin channels. They found that 
the micro-scale pin fins perform better heat transfer 
performances than the pin fins of conventional size. Y. 
Peles and A. Kosar, et al.[4,7] experimentally investi-
gated laminar flow and heat transfer performances of 
water in micro-scale pin fin channels at low Reynolds 
number. They disclosed that single-phase flow in the 
micro-scale pin fin channels shows better heat transfer 
performances than in the parallel plate channels. L. S. 
Stephens, et al.[8] carried out an experimental study on 
cooling load and thrust bearings in micro-scale pin fin 
channels. The flow in the micro-scale pin-fin-arrayed 
channels is laminar at low Reynolds number. The ex-Open access under CC BY-NC-ND license.
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periments indicated that the airflow in the micro-scale 
pin fin channels has excellent cooling performances. 
It is noted that most previous studies on pin fin 
channels cooling focused their attention on the high 
Reynolds number turbulent flows or low Reynolds num-
ber laminar flows. However, transitional flows and low 
Reynolds number turbulent flows take place more of-
ten in the heat exchangers with millimeter-sized pin 
fins, which have been widely used in turbine blade 
cooling systems and advanced heat sinks in electronic 
devices. There are very few studies on the transitional 
flow and heat transfer in the channels with short pin 
fin arrays.  
This article conducts an experimental study on the 
friction and heat transfer performances of the transi-
tional airflow, whose friction factors and heat transfer 
coefficients have already been known through experi-
ments, in a channel with millimeter-sized pin fins. 
 
2. Experimental System 
Fig.1 shows the experimental system for studying 
flows and heat transfer in pin fin channels. It includes 
a variable-speed blower, a plate heat exchanger con-
nected with a thermostat, a turbine flow meter, a test 
cell of pin fin channels and the LabView data acquisi-
tion system. The airflow driven by the blower in turn 
passes the heat exchanger in charge of controlling the 
airflow temperature and the turbine flowmeter to 
measure the accurate volumetric flow rate of the air-
flow then into the inlet reservoir of the test cell. After 
having passed an upstream 30 mm-long smooth chan-
nel of the same height as the pin fin arrays have, the 
airflow enters the pin fin channel. Downstream of the 
pin fin channels, there is also a smooth channel 30 mm 
long. Tinlet, Toutlet, pinlet and poutlet represent inlet tem-
perature, outlet temperature, inlet static pressure and 
Fig.1  Experimental system for studying flows and heat transfer in pin fin channels. 
outlet static pressure, respectively. 
Fig.2 schematically illustrates the geometrical con-
figuration of the pin fin arrays used in the experiments. 
The pin fin diameter D = 2.5 mm, the spanwise spac-
ing-to-diameter ratio S/D = 1.5, the streamwise spac-
ing-to-diameter ratio X/D = 2.5, and the pin fin height- 
to-diameter ratio H/D = 1.0. 
The short pin fin array is arranged on a base plate 
made of pure copper. Tightly attached to the bottom 
surface of the base plate is a 50 mm-high heating block 
also made of pure copper. In order to reduce the ther-
mal contact resistance at the interface between the base 
plate and the heating block, a layer of thermal paste 
approximately 100 ȝm thick is applied. The thermal 
conductivity of the thermal paste is 2.5 W/(mK). Four 
thermocouples of K type with an outer diameter of 0.5 
mm are placed 2.5 mm below the top surface of the 
heating block to measure the streamwise wall tem-
peratures. At the bottom of the heating block, cartridge 
heaters are used to provide the required heating power, 
which can be accurately measured by means of a 
power meter. Above the pin fin channels is a trans-
parent, insulating cover plate made of plexiglass. At 
the inlet and the outlet of the pin fin channels, there are 
thermocouples used to measure the inlet and outlet 
temperatures and pressure taps to measure the pressure 
drops. To reduce the heat losses of the test section to 
the environment, the whole test section is placed in an 
insulated housing. 
 
Fig.2  Schematic of geometry of pin fin channels. 
3. Data Reduction and Error Analysis 
3.1. Data reduction 
The average convective heat transfer coefficient of 
the pin fin channels is defined by 
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where Q is the total heating power, lossQ  the heat 
losses dissipating from the test section to the environ-
ment, totalA  the actual total heat transfer area inclu-
sive of pin fin surface and endwall surface, and lmT'  
the logarithmic mean temperature difference.  
The Qloss of the experiments is directly related to the 
wall temperatures of the pin fin channel, and the ap-
proximate values of Qloss can be obtained by conduct-
ing separate auxiliary experiments. 
The logarithmic mean temperature difference be-
tween the pin fin channel surface and the cooling air-
flow is calculated by 
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where Tw is the average temperature of the top surface of 
the pin fin base plate, Tin inlet fluid temperature, and Tout 
outlet fluid temperature. It can be calculated by[5] 
        w tc total
heat
= (3)QT T R
A
                
where tcT  is the arithmetic mean temperature calcu-
lated with the data from the four thermocouples, heatA  
the cross-sectional area of the heating block and totalR  
the total thermal resistance, which includes the thermal 
resistance in the copper block chR , in the thermal paste 
tpR and in the pin fin base plate bpR . 
For flows in a pin-fin-arrayed channel, Reynolds 
number is defined by[5] 
huDRe U P                (4) 
where u is the average velocity of the maximum 
cross-section area in the pin fin channels, Dh the hy-
draulic diameter of the channel, U the air density, and 
Pthe air dynamic viscosity. 
The average Nusselt number of the pin-fin-arrayed 
channel, expressed in terms of the hydraulic diameter, 
is defined by 
hhDNu
k
               (5) 
where k is the thermal conductivity of the fluid. 
The friction factor of airflow in the pin fin channels 






              (6) 
where 'P is the pressure difference between the inlet 
and the outlet of pin fin channels and L the length of 
the pin fin channels. 
In order to reveal the effects of spanwise spacing of 
pin fin arrays on the flow friction and heat transfer, the 
experimental results of the pin fin channels are com-
pared with the classical experimental data of Ref. [10] 
at the same inlet Reynolds number. In Ref.[10], the pin 
fin array’s parameters are: D = 5.08 mm, S/D = 2.5, 
X/D = 2.5 and H/D = 1.0. It should be noted that in D. 
E. Metzger’s study, the Reynolds number is based on 
the maximum velocity and pin fin diameter, Nu on the 
pin diameter and the friction factor on the maximum 
velocity and the row number of pin fin array. In this 
comparison, all the related experimental results of D. E. 
Metzger’s have been carefully modified according to 
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where ReD, NuD and fD are the Reynolds number, Nus-
selt number and friction factor in Ref.[10], respectively, 
Amin and Amax the minimum and maximum cross-sec-
tional flow area, and N is the row number of pin fin 
array. 
Friction factors and heat transfer of a smooth chan-
nel between parallel plates are used as the reference to 
estimate the heat transfer enhancement of pin fin chan-
nels. The friction factor and the Nusselt number in the 
smooth channel are respectively expressed by[13] 
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3.2. Error analysis 
The experimental uncertainties have been obtained 
through a standard error analysis. The measuring in-
struments specify the maximum measurement errors of 
the flow rate, the length and the pressure drop are all 
r1%; those of temperature r0.2 ºC, the net heat trans-
fer (QQloss) r5%, respectively. As the results of ap-
plying the standard error analysis method suggested by 
S. J. Kline and F. A. McClintock [14], the measurement 
errors of ReD, f, and Nu are r2.5%, r4.6%, and r5.8%, 
respectively. 
4. Experimental Results and Analysis 
The flow and heat transfer performances of the 
channel with short pin fins of the following geometri-
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cal configuration: D = 2.5 mm, S/D = 1.5, X/D = 2.5 and 
H/D = 1.0, which is hereinafter referred to as “S/D = 1.5 
pin fin channel”, are experimentally investigated to 
find the friction factors, average Nusselt number and 
overall thermal performance parameters. 
4.1. Friction factors 
Fig.3 plots the friction factors of the pin fin chan-
nels under study. For the S/D = 1.5 pin fin channel, 
when Re < 2 300, the f obviously decreases as Re in-
creases, and the flow remains laminar in the studied 
channel. When Re = 2 300-2 500, the flow transition 
occurs. And when Re > 2 500, the f stays almost un-
changed with the flow developing into full turbulence 
in the channel. 
 
Fig.3  Friction factor vs Reynolds number. 
Fig.3 also shows the experimental data of the fric-
tion factors of S/D = 2.5 pin fin channel in Ref.[10]. As 
few experimental data were published in Ref.[9] re-
lated to the cases when the Reynolds number ranges 
from 1 000 to 4 000, it is difficult to tell the exact 
Reynolds number at which the flow transition occurs 
in experiments; however, it might be more or less in 
the range of 1 500-4 000. 
Fig.3 also indicates that the friction factors of 
S/D = 1.5 pin fin channel are about 2.6 times higher 
than those of S/D = 2.5 pin fin channel, and about 11.2 
times higher than those of smooth parallel plate chan-
nel. The increase in the friction factor of S/D = 1.5 pin 
fin channel is mainly due to the decrease in the flow 
cross-section area and the blockage transverse to the 
flow by the denser pin fins. Moreover, the stronger 
flow disturbance also augments the friction factor due 
to the flow acceleration between pin fins in the chan-
nel. 
4.2. Average Nusselt number 
With a supplied heating power of 19.5 W, the heat 
transfer experiments are fulfilled within the Reynolds 
number range of about 1 700-8 500, which results in 
the maximum logarithmic mean temperature difference 
of 17.7 ºC and the minimum of 8.6 ºC. 
Fig.4 plots the average Nusselt number versus the 
Reynolds number in the pin fin channels. As can be 
seen, the Nusselt number increases with the Reynolds 
number and the ability of the laminar flow to enhance 
heat transfer in the pin fin channels is greater than the 
turbulent flow. The Nusselt number at Re = 8 500 is 
higher than the one at Re = 1 678 by about 144.6%. In 
the Reynolds number range of 1 678-8 500, the Nus-
selt number of the S/D = 1.5 pin fin channel is 
46.1%-95.0% higher than Metzger’s S/D = 2.5 pin fin 
channel, and 3.93-6.10 times higher than the parallel 
plate channel. This indicates the strong possibility of 
pin fin arrays in the channel to enhance heat transfer 
performances; however, it would weaken with the in-
crease of Reynolds number. 
  
Fig.4  Nusselt number vs Reynolds number. 
The S/D = 1.5 pin fin channel under study can en-
hance the convective heat transfer more significantly 
than the S/D = 2.5 pin fin channel does, especially in the 
transitional flow region, showing an increase of at least 
68%. The S/D = 1.5 pin fin channel has denser pin fins 
in spanwise direction, which reduces the cross-section 
flow area thus accelerating flow in the channel. Inter-
acting with pin fins and endwalls, the accelerated air-
flow produces stronger disturbance in the flow thereby 
causing the boundary layer to shed from pin fins and 
thus highly disturb the wake flow. All these factors 
would bring about significant improvement of the heat 
transfer performances in the pin fin channels. 
4.3. Overall thermal performance 
With better convective heat transfer performances 
than the S/D = 2.5 pin fin channel though, the S/D = 1.5 
pin fin channel has to pay the penalty of pressure drop 
due to the distinctive increase in flow resistance in the 
S/D = 1.5 pin fin channel, where the friction factor 
would be about 2.6 times higher than S/D = 2.5 pin fin 
channel. Therefore, a proper evaluation of the overall 
thermal performance of a heat exchanger should be 
accomplished after a complete assessment of the heat 
transfer performances of the pin fin channels including 
the penalty effects related to friction losses. The pa-
rameter of overall thermal performance K is defined 
by[15] 
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This parameter represents the quantity of heat trans-
fer per unit pumping power, which can be used to 
compare the overall thermal performances of pin fin 
channels of different geometrical configurations.  
Fig.5 plots overall thermal performances of pin fin 
channels versus Reynolds numbers. For Re<6 000, the 
overall thermal performance of the S/D = 1.5 pin fin 
channel is in average 15.4% higher than the S/D = 2.5 
pin fin channel, which indicates that with the same 
consumption of pumping power, the former channel 
reaps benefits from better heat transfer. However, for 
Re > 6 000, the opposite is the case. Consequently, the 
6 000 of Reynolds number is just a watershed for judg-
ing which channel is superior to the other in terms of 
overall thermal performance. Since in the case of using 
pin fins to cool gas turbine blade trailing edges, where 
the Reynolds number is typically larger than 6 000, 
adoption of the S/D = 2.5 pin fin channel would be 
preferred due to its higher overall thermal perfor- 
mance. 
 
Fig.5  Overall thermal performance vs Reynolds number. 
In the whole range of Reynolds number under study, 
the relationship between overall thermal performance 
and Reynolds number shows almost the same trend for 
both pin fin channels. In the laminar flow region, the 
overall thermal performance of both channels keeps 
nearly unchanged as the Reynolds number increases, 
which means that the augmentation of the flow resis-
tance is offset by the increase in heat transfer as the 
Reynolds number rises. To the contrary, in the turbu-
lent flow region, the overall thermal performance of 
both channels first rises and then falls as the Reynolds 
number increases, which means that the effects of 
augmentation of the flow resistance surpass those of 
enhancement of the heat transfer as the Reynolds 
number increases. 
It is also noted that the overall thermal performance of 
S/D = 1.5 pin fin channel for turbulent flows (Re = 
8 500) is lower than that for laminar flows (Re = 1 678) 
by 32.1% with the only exception that the happening of 
transitional flow would radically change this situation. 
5. Conclusions 
An experimental study has been conducted to inves-
tigate the friction and heat transfer performances of 
transitional airflows in the pin-fin-arrayed channel of 
the following geometrical parameters: D = 2.5 mm, 
streamwise spacing S/D = 1.5 and spanwise spacing 
X/D = 2.5. The ensuing conclusions can be drawn:  
(1) In the S/D = 1.5 pin fin channel, the transition 
flow is found to occur when the Reynolds number 
Re =2 300-2 500. The friction factors of the S/D = 1.5 
pin fin channel for turbulent flows are about 2.6 times 
higher than those of S/D = 2.5 pin fin channel.  
(2) In the Reynolds number range of 1 678-8 500, 
the average Nusselt number of the S/D = 1.5 pin fin 
channel is higher than that of S/D = 2.5 pin fin channel 
by 46.1%-95%. Especially in the transitional flow re-
gion, the former surpasses the latter at least by 68%. 
(3) For Re < 6 000, the overall thermal performance 
of the S/D = 1.5 pin fin channel exceeds that of the 
S/D = 2.5 pin fin channel by an average of 15.4%. For 
Re > 6 000, the opposite is the case. For both pin fin 
channels, the overall thermal performance reaches a 
peak when the transition flow occurs. 
(4) Since the Reynolds number is typically larger 
than 6 000 at the trailing edges of gas turbine blades, 
which the pin fins are intended to cool and the 
S/D = 2.5 pin fin channel is in this case helpful to ac-
quire a higher overall thermal performance than the 
S/D = 1.5 pin fin channel, the former channel is rec-
ommended to apply in practice. However, for the ap-
plications where low Reynolds number turbulent flows 
are often found, the S/D = 1.5 pin fin channel is pre-
ferred thanks to its higher thermal efficiency. 
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